This study is conducted to verify the technique of fatigue limit evaluation through numerical simulation. Temperature evolution of a notched stainless steel specimen subjected to cyclic loading is simulated by elasto-plastic finite element analysis. Both amplitude of second harmonic and mean temperature rise are obtained from the temperature evolution. It has been shown that the fatigue limits evaluated from the second harmonic amplitude and from the mean temperature rise agree fairly well with the fatigue limits obtained by thermography experiment and Wöhler method.
Introduction
Engineering structures are often subjected to repeated loading, so the evaluation of fatigue limit is definitely necessary. The determination of fatigue properties by traditional Wöhler method which determines S-N diagram is properly a time consuming task. Therefore, various techniques for rapidly evaluating the fatigue limit have been considered for more than 100 years (1) : for example, techniques based on change of temperature, elastic modulus, electrical resistance, thermal expansion, electron radiation with respect to progressive increase of loading amplitude. Among these techniques, temperature rise with respect to progressive increase of loading amplitude is particularly studied in this article. In 1914, Stromeyer (2) firstly determined fatigue limit by a calorimetric method. Heat generated from the specimen was observed only for stress amplitude larger than a critical value and increased rapidly with the increase of the stress amplitude. He conducted experiments on many metals and found that the stress amplitude necessary to produce a certain temperature rise was remarkably constant for different specimens of the same metal. Stromeyer claimed that the stress amplitude determined by the calorimetric method was very close to the fatigue limit of the material. Gough (3) in 1921 used thermocouple to measure temperature rise of the specimen as a function of stress amplitude for several materials. He concluded that this method is only useful as a rough estimation of the fatigue limit. However, several years later in 1926, Gough (4) reported experimental results of forty different steels tested in reversed bending. It was shown that the temperature rise increased linearly after a certain bending stress which was in good agreement with fatigue limit determined by the Wöhler method. The average difference between the two corresponding values was only about 2.2%. Although many attempts have been made during about fifty years later on, rather few researches (5) , (6) focused on the temperature rise method for rapid evaluation of fatigue limit.
Recently Walther and Eifler (7) developed PHYBAL method to characterize the fatigue limit behavior and to calculate the life time of metals. It is worth to mention that Ohno et al. (8) measured the temperature of rotating bending specimen without any contact using capacitance thermometer. The temperature rise due to cyclic loading is very small around the fatigue limit and therefore difficult to measure accurately. Consequently, the technique has not been widely applied to practical engineering problems due to lack of reliability compared to traditional Wöhler method (9) .
About 20 years ago, some researchers started to pay attention to using infrared thermography for fatigue limit evaluation. The advantage of this technique compared to previous techniques is not only a non-contact measurement but also a full-field measurement of temperature distribution, which makes it possible to detect critical region on the surface of structures. Recently, due to the development of infrared camera, temperature sensitivity and resolution are getting higher and higher, frame rate is archiving faster and faster, which opens a high opportunity to apply this technique in industry.
However, in order to increase the reliability of this thermography technique, there are still several issues need to be studied.
First of all, the theory and mechanism of this technique have not become clear yet, so a quantitative explanation is needed foremost. Numerical simulation is a very good approach for this purpose. Jiang et al. (10) , (11) and Yang et al. (12) , (13) analyzed the temperature evolution during cyclic loading of Ultimet alloy by one-dimensional numerical simulation for some early cycles. However, to the authors' knowledge, there is no other researcher focuses on numerical simulation. The second issue is about the method to evaluate fatigue limit from temperature data. There are two methods, so called one-curve and two-curve methods. One-curve method was proposed by Curti et al. (14) . It evaluates fatigue limit by intersection of a linear line formed by least squares approximation of temperature data plots for a specific number of cycles and the horizontal load (stress) amplitude axis. It is represented by FL1 in Fig. 1 . On the other hand, Luong (15) - (17) introduced two-curve method which utilizes two lines built by interpolating experimental data, one for stresses below and the other for stresses above the fatigue limit. The corresponding intersection indicates the fatigue limit which is FL2 shown in Fig. 1 . Unfortunately, it has been unclear which method gives better evaluation until now and no satisfactory explanation has been proposed yet. Next issue is temperature data analysis. There are mean temperature rise and 2f-component approachs. In both Curti et al. (14) and Luong (15) - (17) researches, mean temperature rise is utilized, so their methods can be classified as mean temperature rise approach. In 1995, Brémond (18) firstly suggested an approach to evaluate fatigue limit by using the amplitude of second harmonic component of temperature evolution, which is named 2f-component approach. Very few work applied 2f-component approach except Krapez et al. (19) - (22) who performed the thermographic analysis not only on the mean temperature rise but also on the temperature first and second harmonics. However, realistic applicability of these two approaches have not been clear yet.
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Vol. 5, No.9, 2011 Finally, it comes to the issue of stress concentration effect. Although stress concentration cannot be neglected in engineering structures, the applicability of the thermography technique to stress concentration problem has not been verified very well. La Rosa and Risitano (23) applied this technique to some specimens (V-notched specimen and butt welded joints), and Cura et al. (24) presented a thermographic method based on an iteration procedure for the determination of the fatigue limit of standard and notched specimens. Although these are experimental researches focused on notched specimens, the aim of these works is the iteration procedure for the determination of the fatigue limit and not for the purpose of verification for stress concentrated problems. Therefore, the main objective of this paper is to clarify the applicability of the thermography technique. Quantitative explanation for mechanism of this technique will be explored. For this purpose, current research focuses on 3D numerical analysis to simulate temperature evolution due to cyclic loading. Discussions will be made on the following issues:
( 1 ) quantitative explanation about fatigue limit evaluation by using infrared thermography technique, ( 2 ) comparison of one-curve and two-curve methods, ( 3 ) comparison of 2f-component and mean temperature rise approaches, and ( 4 ) stress concentration consideration by using notched specimens.
Thermo-mechanical background of temperature evolution
The purpose of this research is to validate infrared thermography technique to evaluate fatigue limit rapidly which has not been found in any previous study. Thus, it is conducted in a manner as simple as possible. Consequently, continuum isotropic material is chosen, even though fatigue behavior should be considered precisely in microscopic point of view. Material subjected to cyclic loading is assumed to response in elasto-plastic behavior. Besides magnetic, electric, and other factors are also neglected. The relationship between applied stress (or strain) and the corresponding temperature change in solid material is known as thermomechanical coupling behavior which consists of thermoelastic and thermoplastic effects. Because heat transfer causes these temperature changes to be dependent on the loading rate and therefore complicated, adiabatic condition is assumed in this study for simplicity.
Temperature oscillation due to thermoelasticity
Thermoelastic stress analysis refers to evaluation of distribution of sum of the principal stresses in a structure by the measurement of the thermal response resulting from application of cyclic loading within the elastic range of the material. According to the thermodynamic analysis of the entropy change with stress under adiabatic condition, the change in temperature is obtained as
where T is the absolute temperature, δε is the change in volumetric strain, α is the coefficient of thermal expansion, K is the bulk modulus, ρ is density and C v is the specific heat at constant volume. Equation (1) is not only derived clearly in Pitarresi and Patterson (25) but also appeared in Biot (26) .
Considering ΔT e T , so T ≈ T 0 (T 0 being the temperature at the reference unstrained state), Eq. (1) can be approximated as
Noting that the bulk modulus is expressed as
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where C p is the specific heat at constant pressure. Note that δε is independent of the coordinate axes in the calculation.
Temperature increase due to irreversible plastic energy dissipation
The irreversible plastic deformation causes the mean temperature rise. In order to obtain this inelastic effect, it is assumed that all the irreversible mechanical energy due to the plastic deformation is converted into heat. From the basic thermodynamic equation (energy conservation equation), this behavior can be written as
where Q is the heat generated and t is time.
Since the irreversible mechanical energy per unit volume per one loading cycle is given by W = Qdt = σdε, integrating Eq. (5) with respect to time gives
where ε 1 and ε 2 are the minimum and maximum strain of the hysteresis loop, σ l and σ u are the the stresses in loading and unloading part of the hysteresis loop, respectively.
Schematic explanation of temperature evolution
Let us consider an element of elasto-plastic material with linear strain hardening subjected to uniaxial cyclic loading in a triangular waveform with σ min /σ max = −1, as shown in Fig. 2(a) . When the stress is increased continuously (A1 → A2, tension), the temperature firstly decreases (B1 → B1p) due to the thermoelastic effect. After reaching the yield stress, the temperature starts to increase because of the heat generation due to plastic deformation beyond the yield stress (B1p → B2, δT 1 p ). The temperature rise δT 1 p is the consequence of a subtraction thermoelastic effect from plastic dissipation. During unloading region (A2 → A3), the temperature continues to increase due to thermoelastic effect (B2 → B3) with gradient different from B1p → B2. For the next half cycle (A3 -A4 -A5), temperature changes as B3 -B3p -B4 -B5, respectively. The temperature evolution in this half cycle has behavior similar Vol.5, No.9, 2011 Fig. 3 Geometry of 2mm-notched specimen with 3mm thickness to the previous half. However, there is one difference, gradient of temperature increase due to plastic deformation δT 2 p (B3p → B4) is steeper compared to the gradient of δT 1 p (B1p → B2), because this temperature rise involves temperature increase due to thermoelastic effect. It is remarked that during one loading cycle, the temperature increases two times due to plastic energy dissipation.
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It is proper to observe that the temperature reaches its local maximum when the stress at its local minimum, corresponding to A4 and B4. However, when the temperature reaches its local minimum, the stress is not at its local maximum, corresponding to A2 and B2. This is because yielding occurred prior to reaching the maximum stress.
The total temperature change in the fatigue process, ΔT , can be summarized as
Experimental procedure
Material used in this study is SUS304 stainless steel. The geometry of specimen is shown in Fig. 3 . The stress concentration factor at the notch root is 1.9. To obtain the true fatigue limit, Wöhler method was conducted using normal fatigue testing machine. A load-control mode was used with P min /P max = 0, where P min and P max are the minimum and maximum applied load, respectively. The cyclic load was applied in the longitudinal direction of the specimen.
On the other hand, in order to evaluate fatigue limit rapidly, thermography technique was applied. Temperature evolution was measured by using an infrared camera (Cedip, Silver 450M) and a software (Cedip, Altair LI).
Numerical procedure
Numerical simulation was conducted using finite element code ABAQUS. The geometry of notched specimen was modeled by 7,600 eight-node linear reduced integration elements. Due to symmetry only one-eighth of the specimen was modeled as shown in Fig. 4(b) .
A nonlinear hardening material model (Chaboche model) was used to simulate ratcheting. This model provides two features to simulate plastic hardening in cyclic loading conditions: the center of the yield surface shifts in stress space (kinematic hardening) and the size of the yield surface expands with inelastic deformation (isotropic hardening). This combination of kinematic and isotropic hardening is introduced to model the Bauschinger effect and other phenomena such as plastic shakedown, ratcheting, and relaxation of the mean stress.
The Chaboche model used in this study adopts linear back stress evolution rules of which evolution equation iṡ
where x is translation of yield surface center with equivalent plastic strain ε p , σ is the current Cauchy stress tensor, C is the initial kinematic hardening modulus, and γ determines the rate at which the kinematic hardening modulus decreases with increasing plastic deformation. The non-linear kinematic hardening is governed by x = hardening is governed by the yield stress during hardening
p , where σ| 0 is initial yield stress, Q ∞ is the saturated value of increase isotropic deformation resistance and b represents speed of saturation (27) . It can be also understood that σ 0 shows the expanding of yield surface. Mechanical properties of SUS304 shown in Table 1 are obtained from handbooks (28) , (29) and Kang et al. (30) .
The load varying from 5.0 kN to 7.5 kN with 0.5 kN increments in experiment that correspond to 111, 122, 133, 144, 156, 167 MPa were applied to the model of simulation. Thus, repeated sinusoidal waveform stress of σ min /σ max = 0 in Fig. 4(a) was applied to the model at one end until 900 cycles while the other end was fixed in the loading direction. Herewith, σ min and σ max are the minimum and maximum applied stresses, respectively. Stress-strain behaviors of three elements in Fig. 4(b) located at notch root were computed in detail. The primary results obtained from the numerical analysis were elastic strains in three coordinate axes ε e xx , ε e yy , ε e zz and dissipated plastic energy density which corresponds to the irreversible mechanical energy. These results were used as inputs for data analysis procedure as follows:
( 1 ) ε e xx , ε e yy , ε e zz were utilized to calculate temperature variation due to thermoelasticity by applying Eq. (2) with T 0 = 298 K.
( 2 ) Temperature increase due to irreversible plastic energy dissipation was calculated by applying Eq. (6) which is based on dissipated energy density.
( 3 ) Temperature evolution was obtained by combining these two effects in Step (1) and Step (2).
( 4 ) Fast Fourier transform (FFT) was applied to temperature evolution with respect to time from beginning to 900 cycles of repeated loading. This step was also applied to temperature evolution caused only by irreversible inelastic energy dissipation obtained in Step (2) in order to compare its 2f-component amplitude with corresponding value of whole temperature evolution. Hanning window was applied to the data in order to reduce aliasing in FFT.
Results
The technique of rapid evaluation of fatigue limit is essentially applied for engineering product in which stress distribution is often complicated and not easy to evaluate. Therefore, results of fatigue limit will be discussed in terms of applied load amplitude.
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Stress-strain and temperature evolution results
Stress-strain behavior in the loading direction at some cycles of loading are shown in Fig. 5 in case of 6 kN loading amplitude at Element 1 and Element 3. It can be seen that hysteresis loop is gradually shifted to right which is cyclic ratcheting in the direction of increasing tensile strain. The hysteresis loop is not closed at some lower cycles because the plastic deformation in tension is not opposed by an equal amount of plastic deformation in compression. At the beginning of the repeated loading, the area of hysteresis loop is relatively large. It is understood from Fig. 5(a) that, for Element 1, the rate of ratcheting gradually decreases while the ratcheting strain increased with the number of cycles. Once the ratcheting is constrained, the plastic shakedown occurs and the ratcheting strain is kept almost constant. At this stage the energy dissipated in each cycle becomes constant. This response of stress-strain curve is also can be represented in the form of plastic energy dissipation which is plotted in Fig. 6 for Element 1. Because stress concentration due to the notch is severest at the notch-root, stress amplitude is largest and mean stress is lowest. Therefore, plastic shakedown occurs at Element 1 in this simulation while elastic shakedown occurs and plastic dissipation becomes zero at Element 3 as seen in Fig. 5(b) . Figure 7 shows temperature variation due to thermoelastic effect at three elements of interest. From starting, the hysteresis loops are gradually shifted down before plastic shakedown occurs in Fig. 5 . In consequence, the amount of compression is gradually increased compared to the amount of tension. Therefore, mean temperature increases during some first cycles of loading before reaching a saturated value. This increment is higher at Element 1 than Element 2 and Element 3 since stress distributes larger at the notch-root.
The temperature increase caused by irreversible plastic energy dissipation is shown in Fig. 8 . It is clear from observation of Figs. 8(a2),(b2) that temperature increases two times
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Vol.5, No.9, 2011 during one loading cycle. This proves the schematic explanation in Section 2.3 and causes the appearance of 2f-component. The mean temperature at Element 1 after several loading cycles from starting increases almost linearly in Fig. 8 (a1) because plastic energy dissipation from cycle to cycle almost remains unchanged, which also means that plastic shakedown occurred. However, the effect of stress concentration at Element 2 and Element 3 is not severe enough to cause plastic shakedown, so that after some loading cycles the hysteresis loop reduced smaller and smaller until zero, and hence no plastic energy dissipates anymore as seen in Figs. 8(b1) and (c1). The combination of the temperature oscillation due to thermoelasticity and the temperature increase due to irreversible plastic energy dissipation provides temperature evolution in Fig. 9 . A particular observation in results of Element 1 in case of loading amplitude of 6 kN, for example, Fig. 9(a1) shows mean temperature keeps increasing linearly at larger number of cycles. This behavior is also kept for higher load amplitude. On the other hand, mean tem- Furthermore, a more careful observation at one cycle of temperature evolution in Element 1 is shown in Fig. 10 which is extracted from Fig. 9 (a1) in case of 6 kN loading amplitude. Figure 10 demonstrates a sudden increase in temperature occurs just before the maximum load (at the minimum temperature) of each cycle, which is due to overloading beyond the yield stress. This phenomenon agrees well with experimental observation (31) .
2f-component approach
2f-component amplitude of temperature evolution were obtained by FFT of every 10 cycles at three interested elements. An example is shown in Fig. 11 for Element 1. Figure 11(a) describes FFT results applied for entire temperature evolution, while those in Fig. 11(b) are obtained from the temperature increase only due to plastic dissipation in case of loading amplitude of 6 kN. It is worthy noting that the 2f-component amplitudes of these two temperature curves are close to each other. Therefore, it can be remarked that the amplitude of 2f-component of the whole temperature evolution mainly reflects the temperature increase caused by plastic energy dissipation during fatigue process.
Collection of such data for every 10 cycles at position of three interested elements during fatigue process for different loading amplitudes provided results shown in Fig. 12(a1) ,(b1), (c1). A particular observation from results of Element 1 notices that 2f-component amplitude remains almost constant at larger number of cycles and for larger loading amplitude. It means plastic shakedown occurs there. The results were plotted in a rearranged form in Fig. 12(a2) , where the horizontal axis is loading amplitude and the vertical axis is temperature amplitude of 2f-component. It can be recognized in Fig. 12 (a2) that these curves for different loading cycles tend to converge if plastic shakedown occurs. The fatigue limit is determined by intersection of a linear line formed by least squares approximation of plots for a specific number of cycles and the horizontal axis. For number of loading cycles beyond 500, the fatigue limit can be determined to be 5.6 kN as shown in Fig. 12(a2) . This method cannot be applied to loading amplitude lower than 5.5 kN since the plastic shakedown is not achieved. The same procedure was applied to Element 2 and Element 3 as shown in Fig. 12(b2) and (c2).
Mean temperature rise approach
Another approach to evaluate fatigue limit is mean temperature rise. Mean temperature rise compared to ambient temperature (T 0 = 298 K) of three interested elements were plotted in Fig. 13(a1),(b1),(c1) . These results were calculated from temperature evolution during fatigue processes which are shown in Fig. 9(a1),(b1),(c1) . Numerical results of mean temperature rise during every 200 cycles were summarized in Fig. 13(a2) ,(b2),(c2). It is noticed that those curves for different loading cycles converge for higher loading amplitude if plastic Vol.5, No.9, 2011 shakedown occurs. In this numerical study, temperature results are larger especially for larger loading amplitude compared with experimental data. Because heat conduction is neglected, and position of the analyzed pixel does not locate at notch tip precisely.
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Discussions 5.4.1. Discussion for 2f-component and mean temperature rise approaches
The results of Wöhler experiment are described briefly in Table. 2. From this experiment, the fatigue limit is determined by 5.7 kN. It is considered as a reference value to evaluate fatigue limit obtained from simulation.
Numerical results of 2f-component approach are summarized in Fig. 14(a) . If Element 1 is considered particularly, fatigue limit evaluation gradually increases from some initial cycles before saturating to 5.6 kN which is very close to the reference value. The saturation is attained when plastic shakedown occurs as mentioned above. On the other hand, data obtained from Element 2 provides overestimation of the fatigue limit and fatigue limit cannot be evaluated at Element 3.
Similarly, numerical results of mean temperature rise approach are plotted in Fig. 14(b) . For loading cycles from 400th to 600th and more, the fatigue limit can be determined to be 5.7 kN at Element 1. This evaluation matches very well with the reference value. However the fatigue limit is overestimated at Element 2 and cannot be evaluated at Element 3 as in the 2f-component approach.
Therefore, 2f-component and mean temperature rise approaches are basically similar in adiabatic condition. Actually, mean temperature rise is the integration of temperature increments in each cycle which cause 2f-component. These very good comparison emphasizes that, to evaluate fatigue limit accurately, the temperature evolution should be measured at an appropriate position and after a sufficiently large number of cycles so that plastic shakedown is achieved.
Discussion for one-curve and two-curve methods
Experimental result of 2f-component approach is plotted in Fig. 15 (a1) in which fatigue limits FL1 = 5.2 kN and FL2 = 5.8 kN are determined by applying one-curve and two-curve methods, respectively. FL2 is in good agreement with not only the reference value but also Experimental data presents temperature slightly increases with loading amplitude before reaching a critical point beyond which temperature increases rapidly. The temperature rise before critical point is due to dissipation within elastic regime, that is due to viscosity (10) , discrete plastic deformation at disoriented grain-boundary (32) , (33) and others. Because this elastic energy dissipation is neglected in the current numerical simulation, the hatched area in Fig. 15(a2) which demonstrates the plastic energy dissipation corresponds to the one in Fig. 15(a1) . Therefore, fatigue limit evaluated in numerical simulation has the same meaning of FL2 in experiment. In short, it can be emphasized that two-curve method provides good evaluation.
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Besides that mean temperature rise obtained at approximate position of Element 1 during 200 cycles in experiment are reported in Fig. 15(b1) . Fatigue limits are determined to be FL1 = 5.2 kN and FL2 = 5.6 kN. This result of FL2 is also comparable with the reference value. Furthermore, a good comparison of FL2 and numerical result is specified in Figs. 15(b1) and (b2) . The explanation can be made clear by the one identified in 2f-component approach.
Conclusions
This research aims to enhance the reliability of infrared thermography technique for rapid evaluation of fatigue limit by three dimensional numerical simulation. The results of fatigue limit have been compared with the ones obtained by Wöhler method and thermography experiment. The conclusions are summarized as follows.
( 1 ) The fatigue limit evaluation by using infrared thermography is essentially explained by plastic energy dissipation.
( 2 ) To evaluate fatigue limit accurately, the temperature evolution should be measured at an appropriate position and after a sufficiently large number of cycles so that plastic shakedown is achieved. This position at which stress concentration is maximum can be identified by the thermoelastic effect. ( 3 ) 2f-component and mean temperature rise approaches are basically similar in adiabatic condition. Mean temperature rise is the integration of temperature increments in each cycle which cause 2f-component actually.
( 4 ) Two-curve method provides better fatigue limit evaluation compared to one-curve method. Temperature increase for loading amplitude beyond the fatigue limit is due to plastic energy dissipation.
Although cares were taken for the shape and size of mesh around the notch tip, there still remains any possibility of mesh dependence of the numerical result in a strict sense. Optimization of the mesh was not achieved in this study because it requires a huge amount of computation. However, the numerical results obtained in this study could explain the experimental results satisfactorily.
On the other hand, there remains several issues to be studied. The temperature evolution obtained by numerical simulation is larger than experimental result especially for larger loading amplitude, which may be due to the neglect of heat conduction within the specimen. In addition, the energy dissipation within elastic regime is ignored so that temperature increase for loading amplitude lower than fatigue limit could not be simulated. Therefore, these two aspects should be considered in future study for more realistic simulation.
The notch effect and the effect of stress ratio are important issues in relation with evaluation of the fatigue limit. Irie et al. (34) considered the notch effect experimentally using notched specimens with different stress concentration factors. It is found that the thermography technique failed to provide the fatigue limit accurately when the stress concentration factor is larger than 3.0. Krapez et al. (19) - (22) conducted experiments on the effect of stress ratio and concluded that the results obtained by the thermography technique are in close agreement with those of Wöhler method. According to these studies, there may be some limitations in application of the thermography technique. Numerical simulation about the notch effect and the effect of stress ratio would be necessary for clarifying the limitation of the thermography technique. The size effect on the fatigue limit is an another important issue. Unfortunately, the size effect cannot be investigated by the present approach because the constitutive model adopted in this study is independent of the size. This should be a limitation of the present result. In order to overcome this limitation, some kind of size-dependent modeling (for example, modeling of mesoscopic and/or microscopic structures of materials) should be introduced.
